The thermocouple wires were likened unto two long rods whose terminal temperature was that of the drop and which exchanged heat with their surroundings by both radiation and convection. The wires were considered not to interfere with each other regarding this heat exchange. The usual assumptions of constant physical properties, a constant temperature environment, a constant heat transfer coefficient along the rod, no radial temperature profile in the rod, and a mathematically infinitely long rod, plus the additional assumptions of a geometry factor for radiation of unity and an emissivity factor equal to the emissivity of the wire, gave
This article summarizes additional results in the continuing effort to obtain accurate experimental data on the thermal properties of light hydrocarbons, fixed gases, and their mixtures. It is anticipated that such data will serve to improve engineering design calculation not only by presenting accurate data but also by providing a firm basis for testing and extending methods of predicting the enthalpy of such materials.
All available literature data on methane, propane, and their mixtures have been summarized in previous publications (17, 19 21, 25, 26, 36) . No additional calorimetric data have been noted since the last of the above reports (36) was presented.
THERMODYNAMIC RELATIONS
The basic equations for the interpretation of flow calorimetry data have been presented previously in a number of references (21, 35, 38) . In brief, the first law of thermodynamics is applied to relate the change in specific enthalpy between inlet and outlet conditions to the measured rate of transfer of electrical energy W and the mass flow rate F. For the calorimeters used in the course of this investigation, kinetic and potential energy effects are insignificant, and the rate of heat leak Q is negligible. Values of the isobaric heat capacity C,, isothermal throttling coefficient 4, and Joule-Thomson coefficient p are determined from the basic data by combined computer and graphical techniques as described in detail elsewhere ( 3 5 ) .
The limitations on the recycle flow facility makes it impractical to obtain data below a pressure of 100
Ib./sqin. 
EXPERIMENTS

Equipment
The recirculating system designed for operation at high pressures over an extended range of temperatures and mixture compositions has been described in detail in a previous report ( 2 4 ) . A flow diagrani of the revised facility is presented a6 Figure 1 . As indicated, two flow calorimeters are incorporated in the facility. Modifications to the system have been described in a later report ( 3 6 ) . Since the time of the last report, copper filings have been added to the glass wool in one of the high pressure scavenger bombs in order to remove traces of oxygen from the system.
The isobaric calorimeter uses electrical energy to increasc the enthalpy of the flowing fluid (9 , 1 3 ) . The throttling calorimeter makes use of a capillary tube with an insulated heating wire through its entire length to adjust the outlet temperature to that of the inlet (19, 20, 22, 2 3 ) . Under conditions such that an isenthalpic decrease in pressure results in an increase in temperature, this throttling calorimeter is operated as a Joule-Thomson device ( 3 7 ) .
Procedure
The operation of the calorimeter in the isobaiic ( 1 3 ) , isothermal (19 ) , and isenthalpic ( 3 7 ) modes has been described in detail elsewhere. In carrying out this investigation, the electrical energy input to the calorimeters, W, was determined by use of standard resistors and a K-3 potentiometer. The temperature at the inlet to the operating calorimeter is assumed to be equal to the temperature of the calorimeter bath which is determined by a platinum resistance thermometer. Duplicate six junction copper-constantan thermopiles were used in each calorimeter to determine temperature differences between the inlet and outlet. Both the thermometer and the thermopiles were calibrated by the National Bureau of Standards. The pressure at the inlet to the calorimeters is determined by use of a Mansfield and Green pressure balance. The slight pressure drop across the isobaric calorimeter is measured by means of a high pressure mercury manometer. The pressure drop across the throttling calorimeter is determined by using the differential pressure balance of Roebuck ( 3 0 ) .
The rate at which the flowing gas passes through the calorimeter F is perhaps the most critical measurement in the determination of enthalpy differences by the use of a flow calorimeter. A Meriam flowmeter was used and was calibrated by collecting samples over a measured time interval and determining the mass by weighing. Sets of approximately ten calibration runs are made with the mixture under study before any runs are made and after every ten runs are complete. The first two sets of calibrations were consistent, and the twenty calibration points were fitted with an average deviation of 0.20%.
The third set of calibration runs was found to differ by about %% from the results of the first two. The flowmeter was removed from the system and ultrasonically cleaned. In addition, the entire section around the flowmeter was cleaned. The Aowmeter was replaced and three sets of calibrations made. These gave reproducible results. The standard deviation of the In obtaining data, inlet conditions of temperature and pressure are established, and flow rate and power input are adjusted to desired values. Readings are taken and adjustments made as necessary until the condition of steady state operation is obtained and maintained for at least 15 min. A single determination generally lasts from 1 to 2 hr., depending on the magnitude of the changes made between determinations.
Isobaric measurements in the single-phase region are usually made in groups of four data points each. The inlet temperature is held constant, and adjustments in power input are made to yield temperature rises of approximately lo", 20", 40", and 80°F. In regions where C, varies significantly with temperature (such as in the critical region), smaller temperature rises were investigated. Isobaric determinations made through the twophase region also include determinations of the heat capacity of the liquid and vapor at temperatures respectively below and above the saturation temperatures. Isothermal determinations were made both in the singlephase region and into the two-phase region. The power input was adjusted until the outlet temperature was within 0.05"F. of the inlet temperature. In general, pressure drops between 100 and 500 Ib./sq.in. were used.
Isenthalpic determinations were made at conditions of constant inlet temperature. For a given inlet pressure, the flow rate was adjusted to yield a pressure drop of about 150 lb./sq.in. steady state conditions. The inlet pressure was then adjusted to a new value and the process repeated until the entire single-phase region was covered. For each operating Condition, no electrical energy was transferred to the throttling calorimeter. The radiation shield was heated to the temperature of the exiting fluid to provide guard heating, thereby reducing to a negligible value the heat transfer by radiation and conduction through the vacuum jacket.
Composition of Gas
The methane used in this investigation was obtained from the Southern California Gas Company. The propane used was instrument grade as obtained from the Phillips Petroleum Company. Compositions of the mixture as determined by chromatographic analyses are reported in Table 1 .
A chromatograph which is incorporated as part of the recycle flow facility was used for frequent checks on the composition of the gas in the system. The chromatograph was calibrated by using samples of known composition prepared by direct weighing.
From time to time the fluid composition did change. This was most frequent during periods of excessive leakage of fluid from the system. The composition was reestablished within reasonable limits by the addition of one component of the mixture and by remixing the entire system.
The chromatographic analyses on a day-to-day basis are summarized in Figure 2 . There is no indication of a change in average composition with time.
Check on Assumption of Adiabaticity
In applying Equation ( 1) to interpret experimental data, it is assumed that the calorimeter is adiabatic. It has been established for the isobaric mode (27) that this condition is satisfied if the heat capacity determined by using the calorimcter is independent of the flow rate. Therefore, a series of isobaric determinations (run 18) was made at five different flow rates to test the assumption of zero heat leakage. A special effort was made to obtain data over a wide range of flow rates (0.055 to 0.3 lb.,/min). Within the limits of precision of the measurement ( k 0.3%) there was no influence of flow rate on heat capacity, and, therefore, it is concluded that the calorimeter is indeed adiabatic within these limits. These results are consistent with more extensive studies of this effect with the same calorimeter (19, 35) .
Results
Experimental measurements of isobaric, isothermal, and isenthalpic changes in enthalpy for the mixture contained 50.6 mole % propane in methane have been presented in tabular form in Progress Reports to the Natural Gas Processors Association for the quarters ending March 31, 1968, and June 30, 1968. Included are determinations in both the gaseous and liquid regions, as well as isobaric and isothermal determinations within the two-phase regions. The ranges of pressures and temperatures covered by these experiments are indicated in part by the lines drawn on a PT diagram in Figure 9 . In addition, isobaric determinations were made between -250" and -150°F. at 250, 500, 1,000, 1,500, and 2,000 Ih./sq.in.abs.; between 100 and 200°F. at 1,700 lb./sq.in.abs.; t Calculated by using r $ = -f i CP.
brtween 50" and 180°F. at 1,300 lb./sq.in.abs.; and completely across the two-phase region at 700 Ib./sq.in.abs.
INTERPRETATION OF RESULTS
Isobaric
Typical results are presented in Figure 3 on which mean values of heat capacity capacity which occurs in the region just above the critical point for the mixture.
A majority of the values of heat capacity C,, obtahed from interpretation of isobaric data in the single-phase xegions are summarized in Table 2 for equal intervals of temperature and pressure. Significant changes in the value of the heat capacity occur not only in the region above the critical point for the mixture but also near the two-phase region. Table 3 lists values of heat capacity in the regions of significant change such as near the maxima in the heat capacity and near the saturation curves. All of the experimental heat capacity results are summarized in Figure 4 .
A typical enthalpy traverse of the two-phase region at constant pressure is illustrated in Figure 5 . Note that the traverse was made as two runs. This procedure was followed so that enthalpy traverses could be made across Table 4 together with the experimentally determined values of the bubble point and the dew point for the mixture.
Isothermal
The isothermal data obtained in the single-phase region were also interpreted in keeping with integral requirements by preparing plots of the average value of the isothermal throttling coefficient ( A H / A P ) T as a :unction of pressure. Typical results are shown in Figure 6 . Note that a maximum exists in the curve, as the data were obtained at a temperature just above the two-phase region (see Figure   As ceptionally good throughout the entire region of pressurc at this temperature.
In addition, PVT data for the mixture ( 2 9 ) as interpreted (7) by using Equation (5) -- AlChE Journal There is considerable disagreement between the results of the various methods. The solid line on Figure 6 was drawn to be consistent with the data obtained at elevated pressures and the estimates based on data from the literature in the low pressure range. In the low pressure region the line was drawn to agree with the BWR equation of state because of its excellent agreement with the high pressure data. This line was also reasonably consistent with volumetric data. Values of the isothermal throttling coefficient 4 obtained by interpreting the data (including values of 4 deg. and other values at low pressure determined as outlined above) are reported for each of the experimental isotherms in Table 5 . These data are summarized in Figure 7 .
One experimental isothermal run was made into the twophase region at 3.5"F. A break in the curve was obtained at 966 lb./sq.in.abs. This break indicated the upper pressure at which vaporization starts.
lsentholpic
Twelve determinations were made with the throttling calorimeter under conditions such that a drop in pressure resulted in an increase in temperature. The inlet temperature was constant at -149.O"F. in all cases. The scatter in the data of greater than 1% as illustrated in Figure 8 is the result of the measurement of unusually small temperature differences due to the small Joule-Thomson effect at ' these conditions. When this effect is related to an enthalpy difference and used in the preparation of a table of enthalpy values, the error involved in this scatter becomes extremely insignificant. The values of the Joule-Thomson coefficient determined from these data are summarized in Table 5 .
Consistency Checks
If isobaric, isothermal, and isenthalpic data are obtained for a system at properly selected values of pressure and temperature, it is possible to check the thermodynamic consistency of such data. The principle of this check has been illustrated previously (36) . Experimentally determined isobars and isotherms intersect forming closed loops which are shown in Figure 9 . The sum of the enthalpy differences about such loops should be zero. A measure of the consistency of such data can be expresses as a percentage deviation for a loop defined as tlhl'il
Percentagedeviationi - Figure 9 shows the results of all of the consistency checks made with the data obtained for this system. Values are presented only for the smallest loops, as bigger loops will usually yield a value for percentage deviation that is smaller than the largest included within the con-
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AlChE Journal stituent smaller loops. As can be seen, the largest percentage deviation is 0.74% for a loop which included both isobaric and isothermal data within the two-phase region. For other systems which have been investigated with the present recycle facility, the maximum error has been consistently less than 0.5% (19, 35, 3 7 ) . Thus, the 0.74% maximum deviation is considered to be larger than normal. The average absolute deviation for the thirteen loops was found to be 0.23%. This should give a better indication of the accuracy of the data presented.
ENTHALPY DIAGRAM
The data reported in previous sections have been used to prepare a skeleton table of values of the enthalpy of this mixture at selected values of pressure and temperature as reported in Tables 6 and 7. The following procedure was used in preparing the skeleton 3. The enthalpy of the propane-methane mixture at 0 pressure and 152.2"F. was calculated by assuming negligible heat of mixing under these conditions. The molecular weight of methane was taken to be 16.042 and that of propane 44.094. The resulting value for the mixture is 396.05 Btu/lb."
4. The isothermal effect of pressure on the enthalpy of the mixture at 152.2"F. was established from the basic experimental data obtained at this temperature (see Figure 6 ). As indicated previously, extrapolation of the experimental data to 0 pressure was necessary and in- volved application of data from the literature ( 2 , 3, 6, 7 , 12, 29).
5. Isobaric data reported in this manuscript were used at various pressures to determine the isobaric effect of temperature on enthalpy at elevated pressures in both the gaseous and liquid regions as well as within the two-phase envelope. The limits of the two-phase region were determined by using results from the traverses of the two-phase region which were made during the course of this investigation (Table 4 and Figure 5 ) supplemented by data from the literature (1, 28, 29, 31, 33, 3 4 ) . 6 . A skeleton table of values determined in this manner was prepared. Slight adjustments were made in the values such that all deviations reported in Figure 9 were reduced to 0. The final results are presented as Tables 6 and 7 calculated at 0 pressure from published values of ideal heat capacities ( 3 2 ) . Values thus determined are plotted on Figure 11 together with values obtained during the course of this investigation. These values from independent sources are consistent and illustrate the effect of pressure on the isobaric heat capacity in the gaseous region at temperatures just above the two-phase envelope. 
Phase Behovior
A number of independent investigators have reported data on the vapor-liquid equilibrium of the methanepropane system (1, 28, 29, 3 4 ) . Data from these sources were used to estimate bubble and dew points corresponding to the pressures of investigation reported in Table 6 .
These results are included in Table 6 and indicate not only the variation among the various investigators, but give some indication of the accuracy of the vapor-liquid equilibrium measurements made in the course of the present inves tig a tion.
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